In eukaryotic cells, transport of newly synthesized lipids and proteins and secretion of neurotransmitters and hormones require the fusion of cargo vesicles to the target membrane. Membrane fusion, however, does not occur spontaneously without the coordinated effort of specialized proteins because of the exceptional stability of the bilayer structure. It has been postulated that the intracellular membrane fusion machinery is built around highly conserved SNARE 1 proteins (1-6). Vesicleassociated (v-) SNARE engages with target membrane (t-) SNAREs to form the trans-SNARE complex that bridges the two membranes, facilitating the fusion (7).
In eukaryotic cells, transport of newly synthesized lipids and proteins and secretion of neurotransmitters and hormones require the fusion of cargo vesicles to the target membrane. Membrane fusion, however, does not occur spontaneously without the coordinated effort of specialized proteins because of the exceptional stability of the bilayer structure. It has been postulated that the intracellular membrane fusion machinery is built around highly conserved SNARE 1 proteins (1-6). Vesicleassociated (v-) SNARE engages with target membrane (t-) SNAREs to form the trans-SNARE complex that bridges the two membranes, facilitating the fusion (7) .
Progress has been made in understanding the structure and the function of the SNARE complex. Coiled coil motifs of v-and t-SNAREs from two apposing membranes associate and twist to form a long four-stranded helical bundle (7) (8) (9) (10) (11) (12) (13) . Interestingly, the four helices in the coiled coil are aligned parallel, similar to a feature commonly found in viral fusion proteins such as flu hemagglutinin and human immunodeficiency virus gp41 (14) . There is also evidence that liposome-reconstituted SNAREs drive the lipid mixing (15, 16) .
A SNARE family participating in yeast protein trafficking, along with SNAREs involved in neurotransmitter release at synapses, is a prototypical system (17, 18 ). An integral membrane protein Snc is yeast v-SNARE or the analog of neuronal synaptobrevin, and Sso and Sec9 are two t-SNARE proteins or yeast counterparts of neuronal t-SNAREs syntaxin and soluble NSF attachment protein 25 (19 -22) . Prior to complex formation v-SNARE is largely unstructured. However, evidence indicates that the two t-SNAREs form a binary complex (23) (24) (25) (26) . For yeast t-SNAREs, the coiled coil motifs associate only at the N-terminal half to form a three-stranded helical bundle, which leaves the C-terminal half to remain mostly unstructured (27) . On the basis of this structure, it has been speculated that this partially formed t-SNARE complex might serve as an intermediate for the interaction with v-SNARE (27) .
It has been believed that SNARE core formation proceeds in at least two steps (17, 28) . A partial complex is initially formed at the membrane-distal N-terminal region followed by coiled coil formation at the membrane-proximal C-terminal region. This "zipper model" has been supported by a line of experimental evidence, particularly for neuronal SNAREs (29 -34) . However, the mechanistic steps involved in the zippering process and their temporal relationship to membrane fusion are largely unknown. Furthermore, it is not known whether the zipper model is generally applicable to other systems such as yeast SNAREs.
In this work, site-directed spin labeling (35, 36) and timeresolved EPR (37) were used to monitor core complex formation as an attempt to characterize the zippering process for yeast SNAREs. Further, we compared the EPR data with the results from the fluorescence lipid-mixing assay. The results suggest that the major portion of the coiled coil core is formed in a single step, which occurs in a significantly faster time scale than the lipid mixing.
EXPERIMENTAL PROCEDURES
Plasmid Construction and Site-directed Mutagenesis-DNA sequences encoding Sso1pH3 (amino acids 185-265), Sso1pHT (amino acids 185-290), Snc2pS (amino acids 1-93), and Snc2pF (amino acids 1-115) were inserted into the pGEX-KG vector between EcoRI and HindIII sites as N-terminal glutathione S-transferase (GST) fusion proteins. Sec9c (amino acids 401-651) was inserted into pET-24b(ϩ) between NdeI and XhoI sites as a C-terminal His 6 -tagged protein. To introduce a unique cysteine residue for the specific nitroxide attachment, native cysteine 266 of Sso1pHT and native cysteine 94 of Snc2pF were mutated to alanines. A QuikChange site-directed mutagenesis kit (Stratagene) was used to generate all mutants, and DNA sequences were confirmed by the Iowa State University DNA Sequencing Facility.
Protein Expression, Purification, and Spin Labeling-Recombinant GST fusion proteins were expressed in Escherichia coli Rosetta (DE3)pLysS (Novagene). The cells were grown at 37°C in LB medium with glucose (2 g/liter), ampicillin (100 g/ml), and chloramphenicol (25 g/ml) until the A 600 reached 0.6 -0.8. Isopropyl-␤-D-thiogalactopyranoside was added to the final concentration of 1 mM. The cells were grown further for 4 more hours at 22°C. The cell pellets were collected by centrifugation at 6000 rpm for 10 min.
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glutathione-agarose beads (Sigma). The frozen cell pellet was resuspended in resuspension buffer (phosphate-buffered saline, pH 7.4, with 0.5% Triton X-100 (v/v); PBST) with 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride and 5 mM dithiothreitol. The cells were broken by sonication on the ice bath. For Snc2pF and Sso1pHT, 1% of N-lauroylsarcosine was added to the solution before sonication. The cell lysate was centrifuged at 15,000 ϫ g for 20 min at 4°C. The supernatant was mixed with glutathione-agarose beads in the resuspension buffer and nutated at 4°C for 40 min. The protein bound beads were washed with an excess volume of washing buffer (phosphate-buffered saline, pH 7.4). For Sso1pHT and Snc2pF, 0.2% (v/v) Triton X-100 was added, whereas no detergent was added for Sso1pH3 and Snc2pS when washing. The beads were then washed with thrombin cleavage buffer (50 mM TrisHCl, 150 mM NaCl, 2.5 mM CaCl 2 , pH 8.0) either with 0.2% Triton X-100 for Sso1pHT and Snc2pF or without detergent for Sso1pH3 and Snc2pS. Finally the proteins were cleaved off from the resin by thrombin (Sigma) at room temperature for 40 min. 4-(2-Aminoethyl)benzenesulfonyl fluoride was added to the protein after cleaving from the resin (2 mM final concentration). The protein was stored at Ϫ80°C with 10% (w/v) glycerol.
Cysteine mutants of Snc2pF were spin labeled before thrombin cleavage. After the cell lysate was incubated with beads and washed with PBS buffer with 0.2% Triton X-100, dithiothreitol was added to the final concentration of 5 mM at 4°C for 40 min. The beads were then washed eight times with an excess volume of PBS buffer with 0.2% Triton X-100 to remove dithiothreitol. Approximately, 20-fold excess of 1-oxyl-2,2,5,5-tetramethylpyrrolinyl-3-methyl methanethiosulfonate spin label was added to the protein, and the reaction mixture was left overnight at 4°C. Free methanethiosulfonate spin label was removed by washing with excess PBS buffer with 0.2% Triton X-100. The proteins were cleaved off by thrombin in cleavage buffer with 0.2% Triton X-100.
The His 6 -tagged protein Sec9c was expressed in E. coli Rosetta (DE3)pLysS. The cells were grown at 37°C in LB medium with glucose (2 g/liter), kanamycin (30 g/ml), and chloramphenicol (25 g/ml) until the A 600 reached 0.6 -0.8. After the addition of isopropyl-␤-D-thiogalactopyranoside (1 mM), the cells were grown further for 4 h more at 30°C. The cell pellets were collected by centrifugation at 6000 rpm for 10 min.
For purification, the frozen cell pellet was resuspended in lysis buffer (PBS buffer with 20 mM imidazole, 0.5% Triton X-100, 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, pH 8.0). After sonication on ice, the cell lysate was centrifuged at 15,000 ϫ g for 15 min at 4°C. The supernatant was mixed with nickel-nitrilotriacetic acid-agarose beads (Qiagen) in lysis buffer. The mixture was nutated for binding at 4°C for 40 min. Subsequently, the beads were washed with washing buffer (PBS buffer with 50 mM imidazole, pH 8.0). Then the protein was eluted out by elution buffer (PBS buffer with 250 mM imidazole, pH 8.0). The protein was kept at Ϫ80°C with 10% glycerol. All purified proteins were examined with 15% SDS-PAGE.
Membrane Reconstitution-Large unilamella vesicles (ϳ100 nm in diameter) of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) containing 15 mol % of 1,2-dioleoylphosphatidylserine (DOPS) were prepared in a buffer (50 mM Tris, 150 mM NaCl, pH 8.0) using an extruder. Proteins were reconstituted into the vesicles by the Bio-Beads dialysis method (38) . The reconstituted vesicles were concentrated using the 100-kDa molecular mass cut off centrifugal filter (Millipore) before taking EPR spectra.
EPR Data Collection-EPR spectra were obtained using a Bruker ESP 300 spectrometer equipped with a loop-gap resonator. Time traces of EPR spectral changes were collected using a two-syringe stoppedflow instrument that was custom fitted to the spectrometer. The conformational change of each mutant was monitored in real time by measuring the central peak height of the first derivative EPR spectra.
Fusion Assay-For the fluorescence lipid mixing fusion assay, Snc2pF was reconstituted to vesicles containing POPC, DOPS, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) in the molar ratio of 82:15:1.5:1.5. SSo1pHT was reconstituted to separate vesicles containing POPC and DOPS in the molar ratio of 85:15. The detergent in the samples was removed by the Bio-Beads method (38) . The samples were then dialyzed against 2 liters of dialysis buffer (25 mM Hepes, 100 mM KCl, pH 7.4) at 4°C overnight to remove any trace amount of detergent that might interfere with the fluorescence measurements. After dialysis, the solution was centrifuged at 10,000 ϫ g to get rid of protein and lipid aggregates. The final protein concentration in the vesicle was determined by measuring nitroxide concentration in the sample. The lipid to protein ratio was ϳ150:1. Prior to the fusion assay, Sso1pHT-reconstituted vesicles were mixed with Sec9c in a molar ratio of 1:1, and the mixture was incubated at room temperature for 30 min to aid in the formation of the binary t-SNARE complex. To monitor the lipid mixing, Snc2pF-reconstituted vesicles were mixed with the t-SNARE-reconstituted vesicles in a ratio of 1:2. The final solution contained ϳ6 mM lipids. Fluorescence was measured at excitation and emission wavelengths of 465 and 530 nm, respectively. Fluorescence changes were recorded with a Varian Cary Eclipse model fluorescence spectrophotometer using a quartz cell of 400 l with a 2-mm path length.
RESULTS
SNARE complex formation induces the conformational change for v-SNARE Snc2p from unstructured to ␣-helical (39). Site-directed spin labeling is very effective in detecting such secondary structural changes, and the conformational change can be followed in real time with EPR. In site-directed spin labeling, native amino acids are site specifically replaced one by one with cysteines to which the nitroxide side chain is attached. The EPR line shape is sensitive to the motional rates of the nitroxide (40) . The helix formation usually involves a large EPR line shape change from a narrow spectrum reflecting the fast motion of the nitroxide to a broad spectrum reflecting the slow motion (41) .
Further, with site-directed spin labeling, conformational changes can be monitored "locally" at various locations of the polypeptide chain, providing a chance to resolve steps involved in the zippering process of SNARE complex formation. For example, if a partial SNARE complex was initially formed at 
the membrane-distal N-terminal region whereas the C-terminal regions remained unstructured, we should expect a large scale line broadening for the nitroxides attached to the Nterminal region. However, we would not expect spectral changes for the nitroxides attached to the C-terminal positions because this region remains unstructured, and no conformational change has occurred locally. In fact, such predicted spectral changes have been verified for a different partial SNARE complex. 2 Assembly of the Soluble SNARE Core Complex-First, as controls, we investigated core complex formation between soluble v-and t-SNAREs. Soluble parts of individual SNAREs containing coiled coil motifs Sso1pH3 (amino acids 185-265 of Sso1p), Sec9c (amino acids 401-651 of Sec9), and Snc2pS (amino acids 1-93 of Snc2p) were expressed in E. coli (Fig. 1) . The purity of all recombinant proteins was examined by SDS-PAGE analysis after purification (data not shown). For EPR measurements, four spin labeled mutants of Snc2pS covering the coiled coil motif (R32C, I46C, E60C, and G76C) were prepared and labeled with a methanethiosulfonate spin label. EPR spectra of spin labeled Snc2pS (Fig. 2A, blue line) were all narrow reflecting the fast motion of the nitroxide, characteristic of a freely moving random coil. However, the addition of t-SNAREs Sec9c and Sso1pH3 changed EPR spectra to all broad ( Fig. 2A, red line) reflecting the slow motion of the nitroxide, which indicates coiled coil formation.
For each mutant conformational change was monitored in real time after mixing Snc2pS and t-SNAREs using a twosyringe stopped-flow instrument that was custom fitted to EPR (42) . The time trace fitted well to the equation describing the bimolecular reaction kinetics (Fig. 2B) . The second order rate constants (k 2 ) from the analysis were 4,400, 4,900, 2,900, and 5100 s Ϫ1 M Ϫ1 for R32C, I46C, E60C, and G76C, respectively. These values are similar to the results obtained previously using circular dichroism (39) . The k 2 values are very similar for all mutants within experimental errors.
Assembly of Phospholipid Vesicle-reconstituted SNAREsNext, we investigated the assembly process of membrane-reconstituted SNAREs. Recombinant SNAREs containing transmembrane domains Sso1pHT (amino acids 185-290 of Sso1p) and Snc2pF (amino acids 1-115 of Snc2p) (Fig. 1) were expressed in E. coli. We deleted the N-terminal Habc domain for simplicity of analysis. Four cysteine mutants of Snc2pF at the same positions (R32C, I46C, E60C, and G76C) were prepared for spin labeling. Spin labeled mutants were then reconstituted into POPC vesicles containing 15 mol % negatively charged DOPS, a lipid composition commonly used to mimic the native cellular membrane (15, 16, 44) . We reconstituted t-SNAREs into separate vesicles of the same lipid composition for the stopped-flow EPR experiment. After reconstitution, the integrity of vesicles was verified with negative-staining electron microscopy (data not shown). The average diameter of the vesicles was ϳ100 nm. When v-SNARE-reconstituted vesicles were mixed with vesicles carrying t-SNAREs, we observed an increase of the broad components over time for all mutants, indicating that SNARE complex formation had occurred (38) .
For each mutant, conformational change was followed in time with stopped-flow EPR after mixing reconstituted Snc2pF and reconstituted t-SNAREs. Again, the time traces were fitted with the bimolecular reaction kinetics (Fig. 3) . The k 2 values for R32C, I46C, E60C, and G76C were 98, 103, 98, and 230 s Ϫ1 M
Ϫ1
, respectively, which are ϳ40-fold slower on average than those observed for soluble SNAREs. For each mutant, the stop-flow experiment was performed at least three times and the k 2 values from the individual measurements fall within the factor of 1.5 of the average value. Thus, it is intriguing to find that the rate constants were quite similar for all positions within experimental uncertainty. The k 2 value for G76C was somewhat faster than those for other positions, although it is most likely that the variation is still within the experimental uncertainty. The fact that the rate constants for core complex formation for reconstituted SNAREs are much slower than those of soluble SNAREs is not surprising. For reconstituted SNAREs, core complex formation must be coupled to membrane fusion, which would significantly slow down the kinetics of core complex formation.
Core SNARE Assembly Occurs Much Faster Than Membrane Fusion-Stopped-flow EPR showed that a major portion of the core is formed in a single kinetic step, somewhat different from what has been postulated by the zipper model. On the other hand, because SNARE core complex formation likely provides the driving force for membrane fusion, it is possible that coiled coil formation may be concomitant with membrane fusion. In fact, core complex formation for reconstituted SNAREs was 2 F. Zhang and Y.-K. Shin, unpublished data.
FIG. 2. SNARE complex formation between soluble v-SNARE and soluble t-SNAREs monitored with time-resolved EPR.
A, room temperature EPR spectra of spin labeled Snc2pS before (blue line) and after core complex formation (red line). EPR spectra for the complex are composed of two spectral components, the sharp one (triangle) representing uncomplexed Snc2p and the broad one (asterisk) representing the SNARE complex. B, time traces of EPR spectral changes after mixing Snc2pS and t-SNAREs (Sso1pH3 plus Sec9c) using the stopped-flow EPR. Sso1pH3 and Sec9c were mixed at least 30 min before the stop-flow experiments. The solid lines show the best fits to the bimolecular reaction kinetics. EPR spectra were recorded using a Bruker ESP 300 spectrometer equipped with a loop-gap resonator. The time-dependent change of the EPR signal intensity was monitored at the spectral position indicated by the arrow in panel A. For rapid mixing syringe 1 was filled with 50 M Sso1pS, and syringe 2 was filled with 50 M t-SNAREs. The spectral change was recorded immediately after mixing. In all experiments, the concentrations of t-and v-SNAREs were kept the same (ϳ50 M) to fit the data to the second order kinetics. 40-fold slower than that of soluble SNAREs, suggesting a strong coupling between SNARE assembly and membrane fusion. To test this possibility, we reconstituted Sso1pHT into POPC vesicles containing 15 mol % DOPS. We also reconstituted Snc2pF into the separate vesicles of the same lipid composition but with fluorescent acceptor and donor lipid pairs for the measurement of lipid mixing. In both cases, the lipid to protein ratio was ϳ150:1.
We pre-incubated Sso1pHT-reconstituted vesicles with sec9c for 30 min and subsequently mixed this vesicle solution with Snc2pF-reconstituted vesicles. The increase of fluorescence signal caused by the lipid mixing is depicted in Fig. 4 . The time traces of the fluorescence change were compared with those of SNARE assembly detected with EPR for mutant samples prepared under identical conditions. It is clearly shown that SNARE core formation occurs on a much faster time scale than membrane fusion. Thus, combining the EPR and fluorescence results it appears that a major portion of the SNARE core (if not all) is formed much earlier than the onset of the lipid mixing. DISCUSSION A current model for SNARE-induced membrane fusion postulates that the pressing force generated by trans-SNARE assembly provides the free energy necessary to overcome the fusion activation energy barrier. Intuitively, then, one might think that SNARE assembly might be concurrent with the lipid mixing, assuming a strong coupling between SNARE core formation and the lipid mixing. Stopped-flow EPR experiments revealed that most SNARE core (if not all) is formed in a single kinetic step for yeast SNAREs. This is a somewhat unexpected result, different from what has been predicted by the zipper model. Further, the results suggest that core complex formation occurs on a much faster time scale than the lipid mixing. There are at least two possible scenarios for such distinct differences in time scales between core SNARE complex formation and lipid mixing.
First, the zipper model postulates that SNARE core formation proceeds in at least two sequential steps (17, 28) . A partial complex is initially formed at the N-terminal region followed by coiled coil formation at the C-terminal region. Previous electrophysiological studies of adrenal chromatin cells (32) , toxin cleavage analysis of crayfish neurons (33) , and results from cracked PC-12 cells (34) 
FIG. 4.
Comparison of the kinetics of SNARE complex formation with that of the lipid mixing. The decrease of the amplitude of the first derivative EPR spectrum caused by trans-SNARE complex formation of EPR was measured at 3, 8, 13, 20, 27, 37, 52, 85, and 125 min after mixing reconstituted Snc2pF and reconstituted t-SNARE. The lipid to protein ratio was ϳ150:1 for all vesicles. The ratio of v-SNARE vesicle to t-SNARE vesicle was 1:2. The total final lipid concentration in the mixture was ϳ6 mM. In this case, a higher lipid concentration was necessary for the EPR measurements. The solid line was arbitrarily fit with an exponential decay function to guide the eyes. The lipid mixing was monitored by fluorescence dequenching assay after mixing the reconstituted v-SNARE and t-SNAREs under identical conditions. For both EPR and fluorescence measurements two spin labeled Snc2pF mutants I46C (A) and E60C (B) were used. The increase in the average distance between donor and acceptor caused by the lipid mixing between vesicles leads to the increase in fluorescence. The data was normalized against maximum fluorescence obtained by adding 0.1% (v/v) reduced Triton X-100. All experiments were performed at room temperature.
although speculative, that coiled coil formation in the region of residues 77-89 may occur as a discrete step following the initial coiled coil formation. It has been shown previously that this region has the affinity to the membrane surface distinct from the preceding core residues residing in solution (38) . Perhaps the second coiled coil formation step in the membraneinteracting region may be the event that shares a similar time scale with lipid mixing. On the other hand, the zipper model may be specific for neuronal SNAREs but not applicable to the yeast SNAREs.
Second, the lipid mixing requires the coordination of at least three SNARE complexes (45) . Proper positioning of several trans-SNARE complexes around the fusion site appears to be necessary to initiate the merge of two membranes (43, 46) . In fact, for membrane fusion induced by influenza hemagglutinin, a lag time has been observed between the activation of the protein and the lipid mixing. This lag time has been interpreted as the period required for the coordination of several fusogenic hemagglutinin molecules. It is reasonable to assume that a similar cooperative action is necessary for the SNARE complexes, and this process is perhaps one of the rate-determining steps for membrane fusion.
For yeast SNAREs, we have used the protein to lipid ratio of 150 for reconstitution, and the yield of reconstitution was more than 50%. This means that there are ϳ300 SNARE molecules in one vesicle. It is possible that the fusion of two vesicles induces secondary cis-SNARE complex assembly in the fused membrane after the fusion between vesicles occurred. Then we might expect the time scale of SNARE assembly to follow that of membrane fusion. However, the fact that the time scale of SNARE assembly is significantly faster than that of membrane fusion (Fig. 4) argues that such secondary SNARE assembly is not a major event.
In summary, using stopped-flow EPR the process of SNARE assembly was monitored in real time at four different core positions. The rates of SNARE assembly were similar for all positions, indicating that a major part of the coiled coil is formed in a single step. When the SNARE assembly rates were compared with those of the lipid mixing determined with the fluorescence assay, it was found that initial coiled coil formation occurs much faster than lipid mixing.
